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A R S W T  
The d i f f i c u l t i e s  existing i n  applying methods consistently used 
f o r  the measurements of d ie lec t r ic  constants and losses  i n  lower micro- 
wave frequencies at millemeter waves are presented. 
Fabry-Perot interferometer as a resonant cavi ty  f o r  t h e  measurements of 
d i e l ec t r i c  constants and losses  i n  the  millimeter region i s  discussed. 
The advantages of using such a system are t h a t  i t s  physical dimensions 
are many times la rger  than the  operating wavelength aad a r e l a t ive  high 
Q can be obtained thus providing a system of high sens i t i v i ty  in the  
measurements of d i e l ec t r i c  constants and losses.  
d i e l ec t r i c  constants and losses f o r  teflon, polystyrene and Plexiglas 
a r e  presented a t  approximately 60 GHz. 
and various surface f inishes  were used and the  results compared. 
comparison w i t h  data at lower microwave frequencies w&S made. Values of 
d i e l ec t r i c  Constants i n  a small frequency band were measured at  constant 
temperature. To determine the  e f fec t  of temperature on the  d i e l ec t r i c  
properties a t  millimeter waves, the  d i e l ec t r i c  constant was measured at 
d i f fe ren t  temperatures. 
A method using a 
Experimental data of 
Samples of several  thicknesses 
Also, 
CHAPTER I 
The d ie l ec t r i c  constants and loss  tangents of d i e l ec t r i c  materi- 
a l s  depend upon the frequency of the applied e l ec t r i c  f ie ld .  "he ca l -  
culation of the  permit t ivi ty  of d ie lec t r ics  is usually very d i f f i c u l t ,  
because it depends on the la t t ice  s t ructure  of t he  medium. 
t r i c  constant of a material i s  a function of its polarization. 
of the real part of the polarization as a function of frequency is 
shown i n  Figure 1. The polarization is shown to be constant for 
frequencies up to ,  but not including, the microwave region. 
microwave region, a decrease i n  polarization occurs. 
the damping of the  dipolar polarization behind the applied e l ec t r i c  
f i e l d  which eventually reaches zero. 
frequencies, a region of constant polarization occurs and is equal t o  
t he  atomic and electronic polarization. 
t i o n  occurs through the infrared region and is due to t h e  change i n  the 
atomic polarization. 
constant polarization ex is t s  and is  equal t o  the  electronic polariza- 
t ion.  
is  due t o  the variation i n  the  electronic polarization. 
permit t ivi ty  of some d ie lec t r ics  can be approximated by the simulation 
The dielec- 
A plo t  
1 
In  the  
This is  due t o  
Between microwave and infrared 
Another t r ans i t i on  i n  polariza- 
Between the infrared and ul t rav io le t  region, 
I n  the u l t r av io l e t  region another t r ans i t i on  occurs, and t h i s  
The 
'A.J. Decker, Solid State Physics (New York: Prentice Hall, 
Inc., 1946), p. 157. 
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of the medium by artif i c i d  d ie lec t r ics  .2 However, the d i e l ec t r i c  
constant and loss  tangent of m y  materials i n  the  microwave region 
are found experimentally using resonant cavi ty  techniques. 3 
Langley Research Center (LRC) employs many d ie l ec t r i c  materials 
for antenna windows, radome covers, and other applications. 
trend toward higher frequencies f o r  space telemetry and communication, 
With the  
it is very important that the properties of such materials be known i n  
t he  millimeter region. 
In  the millimeter and submillimeter wavelength regions conven- 
t i o n a l  microwave cavity resonators become increasingly d i f f i c u l t  t o  
construct while maintaining reasonable tolerances and r e l a t ive  high 
Q's, because t h e i r  dimensions must be comparable t o  the  operating 
wavelength. Cylindrical waveguide cavi t ies  are normally used f o r  the 
measurements of d i e l ec t r i c  constants and losses at  low microwave 
frequencies, but such devices are limited i n  the millimeter region 
because a r e l a t ive  high Q can not be maintained due t o  s ide  w a l l  
losses a.nd mechanical tolerances. Also, the  samples used must have 
dimensions which are the  same as the cavity i tself .  To avoid such 
intolerable  dimensions, t o  increase the value of Q, and t o  increase the  
accuracy of the  t e s t  data resonators must be constructed w i t h  dimensions 
many times l a rge r  than the operating wavelength. 
2John D. Kraus, Uectromagnetics (New York: McGraw-Hill Book 
C O m P a Y ,  h c . 9  1953), PP* 5 e 9 =  
'Carol G. Montgomery, Techniques of Microwave Measurements 
(New York: McGraw-Hill Book Company, Inc. ,'1947),pp. 657465. 
. 
4 
I -  
One method t h a t  has received considerable 
could a c t  as a su i tab le  resonator, especial ly  i n  the  millimeter and 
' 6  which 
submillimeter region, i s  the Fabry-Perot interferometer, shown i n  
Figure 2. The advantage of such an interferometer i n  the  millimeter 
region i s  t h a t  i t s  physical dimensions are large compared t o  the 
operating wavelength and t h e  maintainance of high Q ia made much easier. 
The use of such a device for the  measurements of d i e l ec t r i c  
constants and losses' i n  the millimeter region is ideal,  because a 
sample of la rge  dimensions can be used. The mathematical treatment of 
t he  d i e l ec t r i c  constants and losses using the  interforemeter is based 
upon the exci ta t ion of plane waves. To assure that plane waves a r e  
excited, collimating lens are used t o  convert the spherical  waves t o  
plane waves. Thin perforated membranes are used as ref lectors ,  
and the  holes are used t o  couple energy i n  and out of the  resonator. 
4W. C u l s h a w ,  "Resonators for Millimeter and Submillimeter Wave- 
lengths," = Tramactions 9 Microwave Theory and Techniques, 
9 : 135 -144, March, 1961. 
5 , "High Resolution Millimeter Wave Fabry-Perot 
Interferometer, 'I United States Department of Commerce, National Bureau 
of Standards, MBS Report 6039: l -p .  
R. W. Zimmerer; M. V. Anderson; G. L. Strine; and Y. Beers. 6 
"Millimeter Wavelength. Resonant S t r u c t k e s ,  
Microwave Theory and Techniques, l l: lk-149, March, 1963. 
IEEE T k a c t i o n s  on ' 
7W. Culshaw;and M. V. Anderson, "Measurements of Dielectric 
Constants and Losses with a Millimeter Wave Flbry-Perot Interferometer, 
United States  Department of  Commerce, Boulder, Colo., NEE Report 6786, 
Ju ly  19, 1961. 
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To further ver i fy  the application of such a device, a modified 
system was used f o r  the measurements of d i e l ec t r i c  constants and loss 
tangents at higher millimeter frequencies. 
samples of different thicknesses were used and t he  r e su l t s  compared. 
determine data accuracy, Sample6 of various surface f in i shes  were 
employed. 
t o  insure good data f o r  prac t ica l  applications. 
To verify the theory, 
To 
"his was undertaken t o  determine the  surface f in i sh  necessary 
I -  
I 
INTEKFEROME2ER RESONANCE THEORY 
The resonance of a Fabry-Perot resonant cavity is a function of 
plate separation.8 Once a resonance is obtained, the insertion of a 
dielectric slab between the plates will disturb its resonance, but a 
shift in plate position will restore it. 
ferometer resonance having a dielectric material between its plates can 
be derived using impedance transformations. 
The equation defining inter- 
Impedance Transformation Method 
The interferometer resonance equation is derived using trans- 
mission line theory assuming that a lossless medium (a = 0) is present 
between the plates. The resonant cavity with the dielectric slab 
between its plates is shown in Mgure 3(a ) .  Assuming plane waves, the 
fields in the various regions can be expressed as 
See Appendix I. 8 
7 
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( a )  Resonance w i t h  d i e l e c t r i c  s l a b .  
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( b )  Resonance w i t h  and without d i e l e c t r i c  s l a b .  
Figure  3 . -  R e l a t i v e  p o s i t i o n s  o f  r e f l e c t o r  p l a t e s  
and s l a b  for resonance. 
9 
J(wt+8x)) Region no. 3 E2 = A2 e (wt-8~) + B2 e 
where Zo and 5 a r e  the in t r in s i c  impedances i n  t h e i r  respective 
regions defined as 
The standing wave equations f o r  each region can be writ ten as 
E = [to + BO) cos 8x - j(Ao - Bo) s i n  f33 
( 6 )  
0 
H 0 = i/zo [po - Bo) cos Bx - j 
r 
10 
E2 = i(.. + B2) cos Bx - j(A2 - B2) s i n  B] 
Region go. 3 
For resonance, an e l e c t r i c  f i e ld  node o r  a magnetic f i e ld  antinode must 
= nn. Therefore, B = -A and B = . 
2 -A2 exist a t  x = 0 and x = x 
Equations ( 6 ) ,  ( 7 ) ,  and (8) can then be expressed as 
0 0 
Eo = - j2Ao s i n  Bx 
5 = - jy s in  B x 1 
L J 
E - - j% s i n  Dx 2 -  
Region no. 1 
( 9 )  
5 O < x S  
Region no. 2 
(10) 
x , r x < x 2  
Region no. 3 
(11) 
5 x I x S  2 
These equations represent the f i e lds  i n  their  respective regions during 
resonance. 
"he impedance seen a t  point 5, looking towards re f lec tor  
No. 1, i s  given by 
z2 = zo (12) 
Assuming an i d e a l  short  a t  re f lec tor  no. 1, equation (12) i s  expressed 
as 
Such an assumption i s  val id  because p l a t e s  with re f lec t ion  coeff ic ients  
of 0.9% and better can be constructed. A t  x = x2, the impedance Z 3 
i s  given by 
z3 = 5 
and a t  x = x3, Z4 i s  expressed by 
z4 = zo 
Z + j Z  t an  
Z + j Z  t an  
- 
0 
0 3 - 
For interferometer resonance, an e l e c t r i c  f i e l d  node must ex i s t  at  
x = x4; i.e., Z4 
expressed as 
must be equal t o  zero. Equation (15) can then be 
Z + j Z  t an  Bs2 = 0 3 0 
Substi tuting Equation (13) in to  equation (14) gives 
12 
Equation (17) can now be inserted i n t o  equation (16), and the 
equation defining resonance i s  given by 
2 [$ cot B1sl [CCOt ps, + cot 0 5 1  + cot By cot Bs 2 - [a = 0 (18) 
Defining Z = k, equation (18) can be expressed as 
cot Bs + cot  8 5 2  + cot By cot Bs2 - k2 = 0 (19) 
cot c 
By d i rec t  measurement of t he  r e l a t ive  distances between the slab 
and the  plates ,  and slab thickness, the value of k can be found using 
equation (19) .  The expression defining k is given by 
Since f o r  most nonferrous materials u 
expressed as 
0 
=p1,9 equation (20) can be 
'Derived equations w i l l  not apply f o r  highly conducting slabs. 
Knowing k, the  d i e l e c t r i c  constant E, can be found. It should be 
noted t h a t  equation (19) i s  a transcendental equation and many values 
of k will s a t i s f y  it. Equation (19) can be derived i n  another way 
by using equations ( 9 ) ,  (lo), and (ll) and applying boundary conditions 
a t  points of discontinuity.  10,u 
Dielectr ic  Constant Determination 
Once a resonance h a s  been achieved, the  inser t ion  of a d i e l e c t r i c  
w i l l  a l t e r  the resonant length of t he  cavity and a s h i f t  i n  posit ion of 
one of t h e  re f lec tors  must be made i n  order t o  res tore  resonance. 
Referring t o  Figure 3(b) ,  t h e  dashed p l a t e  represents t h e  posit ion of 
p l a t e  no. 2 f o r  resonance before the inser t ion  of the  d ie lec t r ic ,  and 
the sol id  i t s  posi t ion fo r  resonance after the  inser t ion  of the 
d ie lec t r ic .  
"4 are Before the inser t ion  of the d i e l ec t r i c  x = 0 and x = 
e l e c t r i c  f i e l d  nodes; therefore 
"1 + s3 = x4 = nn/p n = l ,  2, 3, 
Substi tution of equation (22) in to  equation (19) results i n  
'OH. R. L. Lamont, "Theory of Resonance i n  Microwave Transmission 
Lines with Discontinuous' Dielectric," Philosophical Magazine, Series 
7, vol. 29, No. 197:52l-531, June, 1940. 
%. Culshaw and M. V. Anderson, op.cit.  pp. 5-9. 
14 
If A i s  the  s h i f t  of  p l a t e  no. 2 t o  res tore  resonance then 
S2 = S3 - (sl + A )  
Substi tution of equation (24) into equation (23) yields  
+ A d +  k2= 0 (25) 
J 
can be drawn. It has s3 using equation (25) a curve of A versus 
been shown12 t h a t  t h e  turning points of this curve are given by 
and 
r 1 
L 
and the  corresponding values of A by 
- -l 
Which of equations (28) and (29) represents Amax and which Amin 
depends on the sign of 
slab. 
, i .e. ,  upon the  thickness s of the tan -BlSl 1 2 
Since k > 1, it i s  evident that when the integral  par t  of 
12H. R. L. Lamont, op. c i t .  p. 525. 
t 
[?I i s  zero or  even integer equation (28) gives A 
(29)  
and equation min 
Amax; when the in tegra l  part of i s  an odd integer 
L -2 
equation (28) gives A- and equation (29) A&n. 
Another form of equation (23) i s  given by 
2 cot 6s + k  tanf3s 
3 0s + cot 0s 3 
When the  thickness of  t h e  d ie lec t r ic  slab i s  an  in tegra l  number of 
half-wavelengths, or 
then equation (29) is equal t o  
= t a n B s  = O  1 1  
B s  + A  = B s  = n n  
( 1  > 1 1  
A = s1 (k - 1) (32) 
Examining equation (l9), which describes the  interferometer resonance 
when the d i e l ec t r i c  slab is between the plates,  it can be concluded 
that there i s  a l inea r  re la t ion  between "1 and s2 when the  
d i e l e c t r i c  thickness i s  a multiple of a half-wavelength. 
r e l a t ion  i s  given by 
Such a 
. 
16 
cot cs2 = - cot a$ 
Bs2 = - 0x1 + nlr n = 0, f 1, f 2, ... 
+ s = n ~ / 2  n = 0, f 1, f 2, ... ( 3 3 )  
5 2  
Thus, when O1sl = nn, the  condition for  resonance depends upon 
the sum of the distances s2 and 5, as given by equation ( 3 3 ) .  Once 
resonance has been restored a f t e r  t h e  inser t ion of the slab, a change 
i n  the posit ion of the s lab  w i l l  not disturb resonance, as  long as 
equations (31) and ( 3 3 )  a re  sa t i s f ied .  This can b e t t e r  be understood 
by remembering, from impedance transformation techniques, t ha t  l ayers  
of multiples of half-wavelengths thick produce no change i n  the 
impedance seen before and a f t e r  them. The A required t o  res tore  
resonance will be the  same for any posit ion of the d ie lec t r ic ,  assuming 
that equation (31) i s  sat isf ied.  
Therefore, there i s  evidence that there are at least three 
13  possible methods of determining the d i e l ec t r i c  constant of a slab. 
The first and most d i r ec t  method would be t o  use equation (19). By 
t, s2, and 8 and knowing the  d i rec t ly  measuring distances 
operating wavelength, the v d u e  of k can be found. A computer 
1’ 
program would more accurately determine k. 
~ 
l3W. Culshaw and M. V. Anderson, op. c i t .  pp. 11-12. 
fo r  each d i e l ec t r i c  
s3 A second method i s  t o  p lo t  A versus 
slab. The values of A w i l l  o sc i l l a t e  between Amax and A,n as a 
have been determined, k can function of s Once 4- 
be found using equations (28) and (29). A computer program is a l so  
recommended i n  accurately determining k using t h i s  method. 
and Amin 3' 
The th i rd  method would be t o  use s labs  whose thicknesses are 
multiples of half-wavelengths. By measuriri A, the s h i f t  of posit ion 
of p l a t e  no. 2 t o  res tore  resonance, k 
equation (32). 
mining k as long as  slabs of multiples of half-wavelengths are 
avai lable  o r  when the primary source osc i l l a t e s  a t  frequencies which 
make the slabs multiples of half-wavelengths. 
frequencies such a problem is not very d i f f i cu l t .  
millimeter region the problem is somewhat more d i f f i c u l t .  
can be determined using 
This probably would be the eas ies t  method f o r  deter- 
A t  lower microwave 
However, a t  the  
Loss Tangent Evaluation 
Most resonators are usually judged by t h e i r  qual i ty  factor,  or 
Q, which i s  defined a s  
(34) Energy stored MW dissipat ion of power Q = 
The average power loss o r  the dissipated power i n  the cavity i s  given 
by 
18 
where Rs 
and Htan 
The maximum stored energy W i n  a cavity resonator of any arb i t ra ry  
shape for a sinusoidally time-varying f i e l d  is given by 
is  the r e d  part of t he  surface impedance of the  plates, 
i s  t h e  magnetic f i e l d  t a n g e n t i d  t o  the  p l a t e  surfaces. 
V V 
where V denotes the volume o f t h e  cavity. Thus, i f  the  f i e l d  
d is t r ibu t ion  ins ide  the  cavity i s  known, the  Q can be evaluated 
regardless of i t s  shape or size.  
the  resonant frequency can be  determined. 
Also knowing the f i e l d  dis t r ibut ion,  
The f i e l d  d is t r ib tu ion  f o r  
many shapes of cavi t ies  are d i f f i cu l t  t o  determine. However, f o r  
some simple geometrical shapes of a cavity, it i s  possible t o  estimate 
the  f i e l d  dis t r ibut ion,  and hence determine the  Q and the  resonant 
frequency f a i r l y  accurately. "he dimensions of the inner and outer 
conductors must be assumed t o  be such t h a t  higher order modes, other 
than the TEN mode, do not ex is t  inside the  cavity. The equations 
derived previously i n  each region can now be used t o  derive the  Q 
of the cavity with and without t h e  d ie lec t r ic .  Assuming that there  
i s  a l o s s l e s s  medium between the  plates,  the energy stored i s  given by 
2 2  - -  Eo ' f 4 A s i n  
ws - 2 J L / J  0 Ox dV 
v 
(37)  
Remembering t h a t  f o r  resonance d = nn, equation (37 )  can be wri t ten as 
Ws = E d A2 [I dS 
0 0 L! 
A 
The average power loss o r  the  dissipated power i n  the  cavity per p l a t e  
is given by 
A 
(39) 
Since the  surfaces of the re f lec tor  p la tes  at resonance are a t  distances 
equal t o  x = o and x = nlt, equation (39) can be wri t ten as 
The above equation represents losses  per plate .  Assuming that the  
losses  i n  both p l a t e s  are equal, the  equation representing the t o t a l  
d i s s i p t e d  power by t h e  p la tes  i s  given by 
. 
20 
The 
obtained by using t h e  basic  definit ion given by equation (34)  and 
substi tuting equations (38) and (41), as represented by 
Q of the cavity without any d i e l e c t r i c  between the  p l a t e s  i s  
WE: d 
0 
Qo = 
Equation (42) represents the  Q, 
d i f f rac t ion  losses  from t h e  sides of the interferometer. The 
evaluation of the  Q i s  simplified 
losses  with and without t h e  d i e l ec t r i c  are the  same, and that slabs 
of the cavity when there  are no 
14 
by assuming that the  d i f f rac t ion  
whose thicknesses are  multiples of half-wavelengths are used. 
To account f o r  diffract ion losses ,  an additional term Pd i s  
added i n  equation (42), thus expressing the Q of the  cavity without 
t h e  d i e l ec t r i c  as 
WE d 
4R I$ + Pa Qo = 0 
6 
(43) 
The radiation resis tance of the cavity due t o  transmission through the 
end p la tes  is a l s o  included i n  Pa. 
between the  p l a t e s  t he  Q of the cavity will be reduced and is given 
Once the d i e l ec t r i c  i s  inserted 
by 
l41bid. ,  =. 13-13. 
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CRAPTER I11 
SYSW DESCRIPTION 
The photograph of the s y s t 5  used for the  measurements of t h e  
d i e l ec t r i c  constant and loss  tangent is shown i n  Figure 4. 
diagram of t h i s  system is shown i n  Figure 5 .  
A block 
The basic frame of the  interferometer is about 36 inches long. 
Two upright frames are used t o  support the  re f lec tor  plates .  
frame has various tilt adjustments, and it can be moved forwards or 
backwards. 
slabs.  
direction. 
d i e l ec t r i c  s labs  much la,rger than the s i z e  of the  re f lec tor  p la tes  can 
be used. This is t o  insure that the basic s t ruc ture  would not in te r fe re  
with the  propagation of the waves. 
Each 
The middle upright frame is used t o  support the d i e l ec t r i c  
It also has various tilt adjustments and can be moved i n  any 
The aperture of the middle frame i s  10 x 10 inches, and 
The horn antennas have an aperture of 2-1/8 x 2-1/8 inches. The 
d i e l ec t r i c  lenses were used t o  convert spherical  waves t o  plane waves. 
The prof i le  of lenses necessary for such conversion should be hyper- 
bolic. 
prof i le ,  a spherical  approximation was  used. The equation defining 
such an approxhation is given by 
However, because of the d i f f i cu l ty  i n  constructing such a 
1 k - 1  
';=- R (47) 
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Where: L - foca l  length 
R - radius of curvature of lens 
k - index of refract ion of  t he  d i e l ec t r i c  lens  
The lenses were made out of  rexol i te  which has an index of 
refract ion of about 1.57. 
thus giving a radius of curvature of about 3.36 inches. 
A focal length of 5.9 inches was assumed, 
For re f lec tor  p la tes ,  thin perforated membranes15 were used. 
The thickness of the membranes w a s  about 0.001 inches. The membranes 
were made of nickel coated w i t h  a th in  f i l m  of gold t o  increase the  
conductivity of t he  surface. A photoetching process w a s  adopted16 f o r  
the  construction of the  membranes. 
w i t h  a diameter of about f ive  inches. 
The membranes are c i rcu lar  i n  shape 
A photograph of the  membrane w i t h  i ts  hole pat tern used i n  the  
tests is shown i n  Figure 6. The hole pat tern of the  perforated 
membranes is be t t e r  shown i n  Figure 7. Since it w a s  necessary not only 
t o  obtain a r e l a t ive  high Q but also good transmission, a compromise i n  
the design of the  re f lec tor  plates was made. The re la t ive  dimensions of 
t he  perforated p la tes  are given by a = b = 0.1 inches and r = 0.02 
inches. Atransmission l o s s  of 23.36 dB per p l a t e  was calculated. 17 
l5R. W. Zimmerer; M. V. Anderson; G. L. Strine; and Y. Beers, 
16Custom Microwaves , Longwood, Florida. 
l7R.  W. Zimmerer; M. V. Anderson; G. L. Strine; and Y. Beers, 
op. c i t .  p. 142. 
op. c i t .  pp. 143-144. 
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Figure 7. - Hole pattern o f  r e f l e c t o r  p la te .  
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The measured lo s s  per p l a t e  was about 18.5 dB and of the en t i re  system 
about 8.5 dB. The design was centered around 60 GHz. 
Conventional methods employed for t he  measurements of Q at lower 
microwave frequencies can not be used i n  the  millimeter region since 
accurate wavemeters are not presently available. A system using a 
different  technique has been used t o  m e a s u r e  the  Q and is shown i n  
Figure 5.  
range, and the  response of the Fabry-Perot resonant cavity is displayed 
on the  oscilloscope. Such a response curve is shown i n  Figure 8(a). A 
portion of the output of the 60 GRz klystron is  mixed with t h e  s ix th  
harmonic of a phase-locked X-band source. 
u n t i l  a zero beat is  detected fromthe harmonic mixer. The zero beat 
is  displayed simultaneously on a dual beam oscilloscope with t h e  
response of t h e  cavity, a d  it is used as a variable marker which i s  
tuned t o  the  center frequency and then t o  each of t h e  half-power band- 
width points of t he  response curve. The zero beat used as a frequency 
marker is shown i n  Figure 8(b).  
by measuring t h e  frequency of the 15-15.l25 MHz R F reference c rys t a l  
o sc i l l a to r  with a 50 MHz counter thus permitting accurate determination 
of the  center frequency and the half-power bandwidth points of t h e  
cavity response. 
The 60 GHz klystron is l inea r ly  m r i e d  through a frequency 
The X-band source is  varied 
The marker is  determined f o r  each case 
The Q of the cavity is  then determined by 
fo - Where: 
AF- 
& = -  f O  
At? 
center frequency of t he  cavity response 
half-power bandwidth of cavity response 
. 
L 
(b) Cavity response curve and zero beat used as a variable frequency 
marker. Q = 10,960. 
Figure 8.- Cavity response curve and variable frequency marker. 
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CRAPTER N 
SYSTEM PEEFOFUMNCE AND E X P E R m A L  RESULTS 
The purpose of t h i s  chapter is  t o  discuss the t e s t s  performed, 
the methods used f o r  the calculation of the d i e l ec t r i c  constant and 
loss tangent, t he  experimental procedure f o r  each method, probleats 
encountered and the  solutions employed. 
experimental data, comparison of results w i t h  data a t  lower frequencies, 
and comparison of experimental diagrams w i t h  theore t ica l ly  predicted 
curves. 
loss  tangents as f'unction of frequency and temperature is very d i f f i c u l t  
i f  not impossible. However, factors which d i r ec t ly  contribute t o  these 
parameters have been predicted theoret ical ly  and diagrams a r e  available. 
It is the purpose t o  t r y  t o  compare the results and previous existing 
data at lower frequencies w i t h  the theore t ica l  predictions and comment 
on the shape of the experimental diagrams. 
Included w i l l  be diagrams of 
The theore t ica l  prediction of the d i e l ec t r i c  constants and 
Dielectr ic  Constant Measurements 
Two methods were used f o r  determining the  d i e l ec t r i c  constants. 
The first method was t o  use equation ( 3 2 )  assuming that equation (31) 
i s  satisfied, and the  second t o  use equations (28) and (29) .  
there  are many values of k which w i l l  satisfy equations (28) and (29), 
it is recommended that the range of k be first determined by the  use 
of equation (32); i.e., the first method should be used t o  determine 
the range of k f o r  the different materials, and then the second 
Since 
32 
method can be used t o  ver i fy  the  resul ts .  
and results f o r  each method w i l l  be discussed. 
The experimental procedure 
F i r s t  Method. To use this method f o r  the measurement of 
d i e l ec t r i c  constants, slabs whose thicknesses are multiples of half-  
wavelengths m u s t  be available. 
of the  loss tangent is based on the assumption that the  s l ab  thickness 
is a multiple of a half-wavelength; therefore,  it w i l l .  be advantageous 
t o  u t i l i z e  such slabs,  because they can be used f o r  the  measurements 
of the  d i e l ec t r i c  constant and loss tangent. 
As will be shown l a t e r ,  t he  measurement 
The experimental procedure f o r  t h i s  method is as follows: 
F i r s t  cause the  cavity t o  resonate a t  the desired frequency. 
the response curve of the  cavity on the  oscilloscope. 
s lab  is inser ted between the plates ,  t he  resonance w i l l  be disturbed, 
and t h e  response curve w i l l  move o r  completely disappear from the 
oscilloscope. Move p l a t e  no. 2 toward p l a t e  no. 1 u n t i l  resonance is  
restored (appearance of the response curve on the oscilloscope a t  the  
same posi t ion as previously). 
resonance, and by using equation (32) determine k. 
Display 
As the  d i e l ec t r i c  
Record the  A necessary t o  res tore  
To make sure t h a t  
t he  effect ive s lab thickness is  a multiple of a half-wavelength, move 
t h e  d i e l e c t r i c  s lab i n  any direct ion and observe the  response curve on 
the  oscilloscope. 
t h e  s lab  changes position. 
ing that the  impedance seen looking toward p l a t e  no. 1 before and after 
There should be no movement of the response curve as 
This can b e t t e r  be understood by remember- 
33 
I 
I -  
I -  
t he  slab is  the  same. 
no e f fec t  as t o  the A required t o  res tore  resonance using t h i s  method. 
Therefore, t he  posi t ion of t h e  slab w i l l  have 
As the  slab thickness varies, A w i l l  a lso  vary. If t he  slab 
thickness is  more than one wavelength, t h e  A which is used with 
equation ( 3 2 )  t o  determine k must careful ly  be selected. 
When the  response curve reappears on t he  oscilloscope after a 
s h i f t  of p l a t e  no. 2, the movement of p l a t e  no. 2 i n  the  same direct ion 
w i l l  make the  response curve reappear at  succeeding in te rva ls  spaced 
one-half wavelength apart .  Therefore, there  are many A's which w i l l  
r es tore  resonance, and a f t e r  the first they are spaced half-wavelengths 
apart* 
It then becomes uncertain as t o  which A can safely be used with 
This can be very confusing and could lead t o  erroneous equation (32). 
results. To avoid possible e r ro r s ,  slabs of several  thicknesses 
should be used and f o r  each slab determine successive A's and t h e i r  
corresponding k's .  By comparing t h e  k's of d i f fe ren t  thickness slabs 
of the same material, it will be seen t h a t  there  is orily one value of 
k which is  the  same f o r  each thickness. E however the  s lab thickness 
i s  equal t o  o r  less than one wavelength, the  f irst  A w i l l  be the  one 
which gives the  correct results.  
The results obtained using t h i s  method are tabulated i n  Table I. 
The surface f i n i s h  is represented by the  symbol used by N A S A and 
S A E. 
irregularities i n  microinches. 
It represents t he  average root-mean square height of surface 
i 
, I  
' .! TABLE I 
D T E ~ ~ I C  CONSTANTS FOR VARIOUS WTERIALS OF SEVERAL THICKNESSES AND 
VARIOUS SURFACE FINISHES AT CONSTAnlT TEMPERATURE USING 1st METHOD 
T E F L 0 N - 25 OC 
Cons tan t 
t Frequency I ----- I 
L I MHZ . 60,539.235 60.319.345 60,449.572 1 d---.----__-.-..-- 
P O L Y  S T Y R E N E  - 2 5  OC 
Die lectr ic  2.534 2.530 2.535 ------- 
Frequency 60,246.597 
Cons tan t - - - - - - - - 58,677.897 60,418.072 
MHZ . H - 
P L E  X I G L A  S - 25 OC 
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Second Method. Before t h i s  method can be used conveniently, it 
This 
It must be pointed out 
As i n  the  first method, 
w i l l  be necessary tha t  the range of the  values of k be known. 
can be done by the  use of the first method. 
that t h i s  is not necessary but convenient. 
there  are many values which will satisfy equations (28) and (29),  but 
there  is only one value which w i l l  be the  same f o r  t he  d i f fe ren t  
thickness slabs. However, the range of k can be determined much f a s t e r  
and more conveniently using t h e  first method. 
To use equations (28) and (29) f o r  determining the  d i e l ec t r i c  
cons tan t ,ap lo t  of t he  s h i f t  of p l a t e  no. 2 necessary to  res tore  
resonance (A) versus d ie lec t r ic  posi t ion (s  ) must be drawn. 
done as f0Uow-s: 
resonant cavi ty  before the  inser t ion of t h e  d ie lec t r ic .  
inser t ion of the d ie lec t r ic ,  the resonance of the cavi ty  is disturbed, 
and t he  response curve w i l l  move o r  completely disappear from the  
oscilloscope. 
response curve of t h e  cavi ty  reappears i n  i t s  o r i g i n a l  position. 
you begin t o  move the  posi t ion of the  s lab  i n  one direction, the 
response curve on the  oscilloscope w i l l  also move. 
t h e  response curve always i n  t h e  same posit ion on the  oscilloscope as 
t he  d i e l ec t r i c  posit ion is  varied, t he  posi t ion of p l a t e  no. 2 must 
also be changed. 
the  direct ion of movement of the response curve, l e f t  o r  r ight .  
This is 
3 
Display on the oscilloscope the  response of the 
Upon the  
Move p la t e  no. 2 toward the  d i e l ec t r i c  s lab  u n t i l  the  
As 
In  order t o  keep 
S t a r t  moving t h e  s lab  i n  one direct ion and observe 
c 
Simultaneously, move p l a t e  no. 2 in  a direction such t h a t  the  response 
curve will maintain i ts  position. For each posi t ion of the  d i e l ec t r i c  
slab record 
polystyrene 
Once 
the  posit ion of plate  no. 2. A p lo t  of s versus A f o r  
is  shown i n  Figure 9. 
3 
and Amin were determined, an i t e r a t i v e  procedure *- 
ideally suited f o r  use with a computer was applied f o r  determining k 
using equations (28) and (29)18. It must be remembered tha t  whether 
you use equation (28) or  equation (29) f o r  Amax o r  Amin depends upon t h e  
in tegra l  
possible 
value of 
checking 
as was stated previously. To avoid any llhl par t  of 2s 
errors ,  equations (28) ,  (29) and 2sl/\ were evaluated f o r  
. The correct value of  k was then determined 'max and 'min 
each value of A- o r  A against I t s  emresponding value min 
2 ~ ~ 1 %  t o  see t h a t  t he  integral  pa r t  satisfies t h e  conclusions drawn 
previously. 
each 
by 
of 
The values of Amx and Amin will not d i f fe r  very much i f  t he  
thickness of t he  s lab i s  close t o  being an integral  number of half-  
wavelengths. Again, when the slab thickness i s  equal t o  n 2 ,  then 
- o r  the  s h i f t  necessary t o  res tore  resonance w i l l  be the  *- - 'nin' 
same regardless of t he  position of the  slab. 
h?l 
Also, when the  slab 
thickness i s  close t o  being equal t o  nA#, t he  r a t i o  2s 4% w i l l  very 
closely be equal. t o  811 integer. Using t h i s  method, t he  operating 
frequency should always be selected such t h a t  t he  effective thickness 
of the  slab is  not close t o  being an integral  number of 
18See Appendix 11. 
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half-wavelengths. The results obtained using t h i s  method f o r  the  
various materials with different  thicknesses and surface f in i shes  axe 
tabulated i n  Table 11. 
I n  order t o  determine the  var ia t ion of E as a function of 
frequency, measurements were made within the range of 59.0 t o  
62.2 GHz. The results obtained are shown i n  Table 111. Plots  of 
d i e l ec t r i c  constant versus frequency f o r  the  different  materials a r e  
shown i n  Figure 10. It i s  seen t h a t  the d ie lec t r ic  constant f o r  
polystyrene and Plexiglas remains approximately the  same i n  t h a t  
frequency range. 
be somewhat lower a t  higher frequencies. 
d i e l ec t r i c  constant i n  t h i s  frequency range are very gradual, the 
frequency range should be extended much higher t o  ac tua l ly  ver i fy  the  
changes i n  d i e l ec t r i c  constant. 
However the  d ie lec t r ic  constant f o r  te f lon  seems t o  
Since the  variations i n  the  
19,20,21 Using data available at  lower frequencies, 
p lo t s  of d ie lec t r ic  constant and l o s s  tangent versus frequency 
were drawn and a r e  shown i n  Figures 11, 12, and 13. There 
seems t o  be a t rans i t ion  i n  the microwave region which continues 
in to  t h e  millimeter region. Before f o d n g  any conclusions, 
19Arthur R. Von Hippel, Dielectric Materials 
20 
Applications, 
(The Technology Press of M. I. T.,  1954), pp. 332-335. 
B. W. Hakki; and P. D. Coleman, "A Dielectric Resonator 
Method of Measuring Inductive Capacities i n  the  Millimeter Range." 
- IRE Transactions - on Microwave Theory and Techniques, 8"408, Ju ly  l 9 b .  
2b. Nshaw;  and M. V. Anderson, op. c i t .  p. 29. 
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TABLE I1 
. DIELECTRIC CONSTANTS FOR VARIOUS MATERIALS OF SEVERAL THICKNESSES AND 
VARIOUS SURFACE FINISHES AT CONSTANT TEMPERATURE USING 2n_d_ METHOD 
T E F L 0 N - 25 OC 
~ ~ ~- 
Dielectric 
Frequency 
Constant 2.055 2.048 2.060 2.057 
MHZ 61,452.551 61,452.551 61,452.551 61,452.551 
P 0 L Y  S T Y R E N E - 25 OC 
P L E X T G L A S - 25 OC 
Dielectric _--------- 2.586 2.605 
Frequency ---------- 61,452.551 61,452.551 
Cons tan t 
MHZ 
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TABLE I 1 1  
DIELECTRIC CONSTANTS FOR VARIOUS MATERTALS AT DIFFERENT FREQUENCIES 
AND CONSTANT TEMPERATURE ( 25 OC 
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Figure 10. - Dielectric constant vs. frequency at Bo C. 
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it m u s t  be pointed out tha t  the data available a t  lower microwave 
I -  
* 
frequencies were obtained by different experimenters using s l igh t ly  
different  homogenuities i n  t he  same type of material. 
enough difference i n  the homogenuity of the  same materials used by the 
There could be 
different  authors t o  affect ,  t o  some extent, the  shape of the curves. 
The only way t o  form any positive conclusions would be t o  use the sane 
slabs throughout the  frequency range of comparison. However, there is 
enough similarity between these curves and the one i n  Figure 1, t o  
suspect such a t ransi t ion.  
Atheore t ica l  prediction of the  t rans i t ion  period is the  
relaxation time22. The r ea l  and imaginary parts  of the  d ie lec t r ic  
constant using Debye's equations a r e  given by 
E -E s ea 
2 2  E ' ( W 1  = E: + ea l+W T 
WT 
E" (w) s ES - E eEt 
Where: E* = E T - j E H  7 complex d i e l ec t r i c  constant 
E - s t a t i c  d ie lec t r ic  constant 
E - instantaneous d ie lec t r ic  constant 
T - relaxation time 
S 
ea 
The plots  of E' and E" as a function of WT using the  above equations 
a r e  shown i n  Figure 14. 
is  proportional t o  E",  is  maximum when w = 1/~. 
It i s  observed tha t  the d ie lec t r ic  l o s s ,  which 
22 
A. J. Decker, OP. ci t .  pp. 1'30-152. 
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When the operating angular frequency is  less than l/~, the  real part of 
the d ie lec t r ic  constant E' is equal. t o  t he  s t a t i c  d ie lec t r ic  constant 
E . 
t he  instantaneous d ie lec t r ic  constant E 
For angular frequencies appreciably greater than l / ~ ,  E' approaches 
S 
ea. 
The relaxation times calculated using the experimental results 
with equations 
= 2.34 x 10-l' 
-10 
I= 1.10 x 10 
(49) and (50)  for  the  different  materials are 
see. f o r  teflon, 2.42 x 1C see. f o r  polystyrene and 
sec. f o r  plexiglas. 
-10 
The experimental operating angular 
frequency was larger  than 1/-r f o r  each one of the above values. 
an indication tha t  the region of maxbnm die lec t r ic  loss  has been 
passed which i n  another way verif ies  the  p lo ts  of Figures U, 12, and 
possibly 13. 
This i s  
The d ie lec t r ic  constant for dipolar substances is a function of 
temperature23. As t he  temperature is  increased the d ie lec t r ic  constant 
decreases because of the increased thermal motion and the change of the  
density of the material. The resul ts  obtained from the t e s t  are shown 
i n  Table IV, and p lo ts  of dielectr ic  constant versus temperature f o r  
each material are shown i n  Figure 15. 
constant at  highertemperaturesis indicated. Ektension of the  
temperature range f o r  much higher and lower values would be t t e r  ver i fy  
these conclusions. 
The reduction of d ie lec t r ic  
23Charles P. Smyth, Dielectric Behavior Structure (New York: 
McGraw-Hill Book Company, 1-1 pp. 132-201. 
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TABU I V  
DIELECTRIC CONSTANTS OF DIFFERENT MATERIALS FOR VARIOUS TEMPERATURES 
AND CONSTANT FREQUENCY 
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Figure 15. - Dielectric constant vs. temperature at 61,242 .lo3 M H z .  
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Loss Tangent Measurements 
Before any measurements of loss  tm-gent were made, exyerimental 
curves of Q versus p l a t e  separation were plot ted,  and they are shown 
24 i n  Figure 16. 
No data could be taken f o r  p l a t e  separations l e s s  than about f i v e  inches 
due t o  t h e  presence of the  middle frame. 
These curves closely resemble t h e  predicted shapes. 
It is seen t h a t  a l i n e a r  r e l a t ion  ex i s t s  between Q and p l a t e  
separation with a i r  f o r  separations up t o  about seven inches. This i s  
an indicat ion of  the  small effect  of t he  d i f f rac t ion  losses i n  t h a t  
region. As t he  p l a t e  separation is  increased f'urther, the  d i f f rac t ion  
losses  become noticeable and the experimental curve is  f la t tened.  The 
curves with the  d i f f e ren t  d ie lec t r ics  between the  p l a t e s  begin t o  
f l a t t e n  at  s m a l l e r  p l a t e  separations. This indicates t h a t  d i f f rac t ion  
losses  become noticeable at shorter  p l a t e  separations possibly due t o  
t h e  surface imperfections of the d i e l ec t r i c s .  The Q's measured a t  
closer  spacings should represent more dependable results. The cavity 
response with each mater ia l  between i t s  plates is shown i n  Figure 17. 
To make loss  tangent measurements, slabs whose thicknesses a re  
m u l t i p l e s  of half-wavelengths were used. 
calculations.  
must be determined fo r  each slab. 
function of p l a t e  posi t ion using equation (45). 
is  shown i n  Figure 18. 
This w a s  done t o  simplify the  
The maximum Q with the  d i e l e c t r i c  between the  p la tes  
This can be done by p lo t t i ng  Q as a 
~n experimental curve 
Once &tmax isdetermined, t h e  Q without the slab 
See Appendix I. 24 
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Figure 16.- Q factor vs plate separation for air and other dielectric 
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(b) Polystyrene. (l.OX3). Q = 4,049. 
(c)  Plexiglas. (0.1235 in.). Q = 4,407. 
Figure 17.- Cavity response f o r  different materials at 61,398.163 m. 
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must be measured with the  same posit ion and spacing between t h e  plates .  
These two values along with t h e  slab thickness and p l a t e  separations 
can be used with equation (46) t o  determine tanb. 
i n  these measurements i s  t h a t  the d i f f r ac t ion  losses  with and without 
t he  s lab  are the same. This is not t rue,  but t h e  difference a t  close 
p l a t e  separations may be s m a l l  and can be neglected. 
The assumption made 
The tan6 values vary as a function of p l a t e  separation because 
of t h e  increase of d i f f rac t ion  losses f o r  separations grea te r  than 
approximately the  diameter of the p la tes .  
da t a  w i l l  be f o r  p l a t e  separations up t o  approximatelythe diameter of 
t h e  plates .  
Therefore, t h e  most accurate 
The r e su l t s  obtained from t h e  measurements are shown i n  Table V. 
It is seen t h a t  the  values of te f lon  f o r  l a rge r  p l a t e  spacings are 
somewhat greater.  
losses with increasing p l a t e  separation. 
This can be a t t r ibu ted  t o  t h e  increase of d i f f rac t ion  
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CONCWSIONS 
The results of the investigation ver i f ied the use of the Fabry- 
Perot interferometer as an effective instrument for  the  measurements of 
d ie lec t r ic  constants and loss  tangents at millimeter wave frequencies. 
Increasing the frequency range w i l l  not l i m i t  i ts  application. 
The two methods used f o r  the measurements of d ie lec t r ic  constants 
must be carefully examined fo r  accurate prediction of the  results. 
use of the first method suggested that  there are  many A's which w i l l  
restore resonance and each can be used with equation (32) as discussed 
i n  Chapter 111. It w a s  concluded from the use of slabs of several 
thicknesses, there w i l l  be found on ly  one value of k which w i l l  be the 
same f o r  each thickness. Otherwise, it seems impossible t o  determine 
the  correct value of k unless i ts  approximate value is  previously known. 
The 
To use the second method, an i t e r a t ive  process must be applied 
i n  determining the correct value of k. 
k which w i l l  s a t i s fy  equations (28) and (29 ) .  
the  correct values of k would be t o  use different  thickness slabs of 
the same material, f ind the different roots and compare the k's. As i n  
the first method, there should be only one value of k which w i l l  be the I 
same fo r  each thickness. 
determined, if possible, by the use of the f i rs t  method before the 
second method is used. 
method and is highly recommended for convenience and accuracy. 
Again, there a re  many values of 
The only  w a y  t o  determine 
It is suggested that  the range of k be 
A computer program w a s  used w i t h  the second 
. 57 
. 
For frequency s t a b i l i t i e s  of 1 part i n  10 4 o r  better and f o r  
dimension measurements within 0.001 inches, the  values of the  d ie lec t r ic  
constants obtained using both methods are within one per cent or better.  
As the  s lab thickness i s  increased, the accuracy of the results is 
increased. 
should be much more accurate. 
compatible with the dimension measurements accuracy. 
surface finishes and tolerances which were used i n  our measurements 
seem t o  have no effect  on the values of E, at l e a s t  within the  accuracy 
s ta ted above. 
Therefore, t h e  values of E f o r  tef lon and polystyrene 
Frequency stabilities stated above a re  
The variable 
The d ie lec t r ic  constant is a f'unction of frequency and tempera- 
Existing data at lower frequencies and our results seem t o  ture. 
indicate a t rans i t ion  i n  the microwave region. 
increased, the d ie lec t r ic  constant seems t o  decrease. Extension of the 
frequency range t o  much higher frequencies and the change of tempera- 
tu re  t o  much higher and lower values should more accurately validate 
these conclusions. 
As the temperature is 
The accuracy of the l o s s  tangent measurements is based upon the 
accuracy of the  Q's.  In general, it was possible t o  measure the  half- 
power bandwidth points repeatly t o  about 5 2 per cent. 
accuracy i n  frequency measurements, the values of tan6 are within about 
f 13 per cent fo r  tef lon and about f 6 per cent fo r  polystyrene and 
Plexiglas. 
lower lo s s  materials such as teflon. 
t h e  tan6 values for  tef lon a r e  a l i t t l e  higher which is an indication 
For such 
The effect  of the diffraction losses a re  noticeable at the 
With increasing p l a t e  separation, 
58 
. 
of the effect  of diffract ion losses. The surface f inishes  and 
tolerances should affect  the  Q measurements. However, fo r  the surface 
finishes,  tolerances, frequency accuracy measurements and p la te  separa- 
t ions used i n  the  tests, no noticeable differences i n  the resul ts  could 
be detected. The more dependable d u e s  should be f o r  closer spacings. 
. 
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" APPENDICES 
Fabry-Perot Resonant Cavity 
The photograph of the basic structure of a f la t -p la te  Fabry-Perot 
resonant cavity i s  shown i n  Figure 19. 
re f lec tor  plates  a r e  coated with a th in  fi lm of gold which has a high 
ref lect ion coefficient. 
The inside fa-es of the  
The Q (quali ty factor) of the cavity is  a function of p la te  
separation, diffract ion losses, and ref lect ion losses. The s ide w a l l  
losses which a re  present i n  cavities of lower microwave frequencies 
have been eliminated by the absence of any side w a l l s .  
d i f f ract ion losses have been introduced which result f r o m  the  f i n i t e  
aperature of the ref lector  plates and from the imperfection i n  t h e i r  
f la tness .  
increase diffract ion losses and reduce the Q. Reflection losses a re  
present because of the absorption i n  the ref lector  plates  and trans- 
mission through them. Reflection losses a re  a function of the 
r e s i s t i v i t y  of t he  material employed and the transmission coefficient 
of the plates.  
appropriate s i ze  of ref lector  plates and p la t e  separation. 
However, 
Any misalignment of the plates  f r o m  parallelism will 
Diffraction losses can be controlled by the use of the 
The Q of 
the  Fabry-Perot resonator as a function of mirror separation i s  given 25 
by 
Q = 2 d Y A  (1-1) 
D. Boyd and J. P. Gordon, "Confocal Multimode Resonator 
f o r  Millimeter Through Optical Wavelength Masers", B e l l  System 
Technical Journal .  40: 490-481, March 1961. 
f 
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Where: d = distance between re f lec t ing  p l a t e s  
A = operating wavelength 
7 = the  SAT of re f lec t ion  and d i f f r a c t i o n  losses  
It would seem v a l i d  t h a t  for a given value of r e f l e c t i o n  and 
d i f f r a c t i o n  losses  t h e  6, would vary l i n e a r l y  as t h e  p l a t e  separation, 
and conceivably t h e  l a r g e r  the  p l a t e  separation t h e  higher t h e  Q. 
However, such an assumption would not be v a l i d  s ince d i f f r a c t i o n  and 
r e f l e c t i o n  losses  are f'unctions of p l a t e  separation. 
separation increases the  re f lec t ion  losses  decrease and t h e  d i f f r a c t i o n  
As t h e  p l a t e  
losses  increase. Thus, a t  some point ,  t h e  combination of r e f l e c t i o n  
and d i f f r a c t i o n  losses  along with t h e  p l a t e  separation would be such 
t h a t  a maximum Q i s  achieved. As t h e  p l a t e  separation i s  increased 
beyond t h a t  point the  value of Q w i l l  begin t o  decrease. 
demonstrates how t h e  theore t ica l  and experimental values of Q vs. p l a t e  
Figure 20 
separation v a r y .  There should be a l i n e a r  r e l a t i o n  up t o  a cer ta in  
point ,  and t h i s  would ind ica te  t h a t  t h e  sum of d i f f r a c t i o n  and re f lec-  
t i o n  losses  is  approximately constant. A s  the  p l a t e  separation i s  
increased f u r t h e r  the  sum of the d i f f r a c t i o n  and r e f l e c t i o n  losses  does 
not  s t a y  constant but var ies  resul t ing i n  the  bending of t h e  curve. 
',.ken a d i e l e c t r i c  i s  inser ted between t h e  p l a t e s  addi t ional  
losses  are introduced. 
be accounted f o r  and would vary as t h e  thickness of t h e  sample. 
The propagation losses  through t h e  medium must 
Thus 
itn addi t ional  term must be considered i n  deciding on t h e  value of y .  
It must a l s o  be remembered t h a t  addi t ional  d i f f r a c t i o n  losses  could 
result from the  inser t ion  of the d i e l e c t r i c  between t h e  p la tes  from t h e  
imperfections of t h e  surfaces of t h e  sample. The experimental values 
66 
Experimental  curve  
w i t h  a i r  
/ Experimental  curve  7 w i t h  d i e l e c t r i c  
- P l a t e  s e p a r a t i o n  ( d )  
F i g u r e  20.-  Q u a l i t y  f a c t o r  v s .  p l a t e  s e p a r a t i o n  for  
f l a t - p l a t e  resonant  c a v i t y .  
6'7 
of  Q when the d i e l e c t r i c  material  i s  inser ted between the p la tes  should 
be lower than the corresponding values without the d i e l e c t r i c  because of 
t h e  increase i n  t h e  value of 7 due t o  the presence of t h e  sample, as 
discussed above. 
Operating Principle  
The resonant cavi ty  which was introduced above can be thought of 
as being an interference lightfilter26 which is used extensively i n  t h e  
f i e l d  of opt ics .  
half-wavelength (d  = h / 2 ,  A, 3h/2,  ----), complete r e f l ec t ion  occurs, 
and t h e  e l e c t r i c  f i e l d  in tens i ty  a t  the boundary w i l l  be zero, assuming 
t h a t  the re f lec t ing  surface i s  a perfect  conductor. 
surface of t h e  r e f l ec t ing  p l a t e  will absorb no energy from t h e  electro-  
magnetic wave. Pract ical ly ,  such a surface can not be constructed, but 
surfaces with r e f l ec t ion  coeff ic ients  close t o  uni ty  can be achieved. 
Since an i dea l  voltage node can not be a t ta ined,  wave absorption i n  the  
l i g h t f i l t e r  is  due t o  the  ohmic losses  of currents induced i n  the  
metal l ic  surfaces. 
When t h e  p l a t e  separation i s  an i n t e g r d  number of a 
Hence, the metal l ic  
When the plate separation i s  equal t o  d = h/4, 3A/h, 5h/h ------ 7 
minimum ref lec t ion  w i l l  occur. If t h e  metal l ic  surface of one r e f l ec t -  
ing p l a t e  is  located at a node of  the e l e c t r i c  f i e ld ,  then t h e  surface 
of the other  re f lec t ing  p l a t e  w i l l  be a t  an antinode and the absorption 
of t h e  electromagnetic wave by the p la t e s  of the l i g h t f i l t e r  w i l l  be 
*'Leonid M. Brekhovikish, Waves 
Academic Press be . ,  1960)x 148-151. 
Layered Media (New York: 
. maximum. 
l i g h t f i l t e r  can be vs r i f i ed  nathematically by considering t h e  resonant 
cavi ty  of t he  interferometer, Figure 21, and apply the  pr inc ip le  of 
multiple re f lec t ions  assuming plane waves. 
The above statements concerning the  transmission of t h e  
For s implif icat ion of notation, w e  assume t h a t  t he  transmission 
= t and r e f l ec t ion  coeff ic ients  
The pr inciple  of operation i s  the  same and is  best  
I2 = t21 = t23 coeff ic ients  t 
P1 = P* - 
i l l u s t r a t e d  by t h e  more simplified notation. The f i e l d s  i n  t h e  various 
regions can then be calculated. Thus, i n  region no. 1 t h e  f i e l d  5 can 
be expressed by 
= p.  - O 3  
The r a t i o  of E E 
resonant cavity. 
defines t h e  t o t a l  re f lec t ion  coeff ic ient  of t he  I J o l  
Similarly, the f i e l d  i n  region no. 2 is found t o  be 
2 -jD(2d+x) ,-jpx + E tpe-jD(2d-x) + Eo t p  e E = E 
2 0  0 
c 
EO 
2 3  - j40t 
t p  E o e  
-- 
4 
t21 
Region #I 
- j B (2d-x) 
t p  Eo e 
2 - j B (2d+x) 
L * 
3 - j D (4d-x) t p  E e 
0 
A - 
4 - j B (4d+x) t o  E e 
0 
L 
r 
5 - j @( 6d-x) t p  E e 
0 
2 2  - j3Bd t p E e  
0 
-35Bd 2 4  t P E o e  . -  L 
Region #2 Region #3 
Figure 21.- Flat-plate resonant cavity. 
The f i e l d  i n  region no. 3 i s  given by 
+ ----- 2 2 -33Pd + Eo 2 4 e -j5Pd + E  t p  e 2 - j P d  ? ) = E o t  e 0 
The r a t i o  of [%/Eo I defines the transmission coeff ic ient  of t he  e n t i r e  
resonant cavity. 
To f ind  t h e  optimum spacing f o r  maximum transmission, eqmtion 
(1-4) i s  different ia ted with respect t o  Pd and then set equal t o  zero. 
Thw, 
m 
j3d = - 2 
= o  2 -j2Pd l + p  e 
n = 1, 2, 3, 4, ----- ( 1-5 I 
. 
Maximum transmission occurs when 
M 
ad = - 2 
o r  
n = 2, 4, 6, ----- 
d = h/2, A, 3h/2, ----- 
Minimum transmission occurs when 
m 
2 ad = - 
or 
(1-7) 
The magnetic f ie lds  i n  t h e  th ree  regions can be calculated using 
t h e  same procedure as f o r  the  e l ec t r i c  fields, and they a r e  given by 
(1-10) 
(1-11) 
' 
c 
APPrnM I1 
COMPUTER PROGRAM FOR D-ING DIELEXTRIC C O N S M S  
FORTRAN IV 
MTERNAZ FOFE=L,FOFE 
COMMON  MAT(^) /BIHI~/WIN,S~,D 
LOGICAL TEST 
REAL LAMBDA 
READ(fJ,2)ElYE2,MAXI,DELTE 
2 FOFMAT(2E7.ly15,F6.3) 
4 FORMAT(64Kl.MWS- OF DlIELECTRXC C 0 " T  AND IxlSS TANGENT A 
io mm(6,4) 
1T 60 GHZ/gHOMLTERIAL,3Xy9RFRE&(GHZ) ,3Xy1OHLAMBDA( IN) ,7X,UID,10X,2H 
2S1,lOX , 2EEl , gX, 2EAl , n, 4HCODE, 7X ,2IM , gXY2HA2, 6X, 4HCODE) 
READ ( 5 J  )MAT ,- 
m50~=1,22 
IF(TEST)READ(~ ,~)ALIM,BLIM 
LAMBDR=~. E+=/ (25.413+9*m) 
CALL m(~;5 ,ALIM,BIJM,DEZTE,FOFR, my= ,MAXI,~OCDEZ) 
CALL r m ~ 2  (6 ,ALIM,BLIM,DELTE,FOFE~, R , E ,MAXI, ICODE ) 
Al=2.%31*sQFQ(F3)/LAMB13A 
A2=2. *Sl*sQR!C( E6) /LAMBDA 
XFg. 4 , 4xy I2 
, S1 ,TET 
1 FORMA" (A6 ,F10.6 , 2F8.4, Ll ) 
3 FoRMclr(2F7.4) 
DEZ!TE=O. 001 
50 WRITE( 6,3)W ,FEIE& ,LAMl3DA,D , S1 , E5 , Al , I C O D E l  , E6 ,A2 , ICODE2 
3 FORMAT ( U O  ,A6, 4XyF10 6 9 4x93''" 433 ( 4XyF8 4) 23XyF9 4 y5Xy 12 y4X,F8 4.9 3X 
Go To 10 
EM) 
72 
73 
FUNCTION FOFE2 (EB) 
COMMON/B~/LANBDA, si, D 
REAL m D A  
P=3.1415926/~~~~DA 
TEM=EB 
TENl=SIN( P*( Sl+D) ) /COS (P*( Sl+D) ) 
TEE=SQ.RT ( EB ) %IN( P%l*S&RT (EB) ) /COS (P%l*SQ,RT (EB) ) 
Tf=TEKL-TN 
FOFE2=TEM3 
RET[TRN 
END 
$DATA 
.1~-6 .u-5 200 .ooi 
TEFLON 61.452551 0.0685 1.0221T 
TEFLON 61.452551 0.0535 1.0221F 
TEFLON 61.452551 0.0935 1.0922~ 
TEFLON 61.452531 0.0807 1.0922F 
2.0000 4.0000 
2.0000 4.0000 
POLSTR 61.452531 0.0290 1.0123~ 
POLSTR 61.452551 0 . 0 ~ 0  1.0123~ 
POWTR 61.452551 0.0485 2.0100~ 
2.4000 4.000 
2.5000 4.0000 
POLSTR 61.452551 0.0255 2. OlOOF 
PIXGLS 61.452551 0.0480 0.3718T 
PIXGIS 61.452551 0.0280 0.3718F 
2.400 4.0000 
c 
74 
n 
d 2 8  d 
ra 3 5 
0 0 0  0 0 0 0 0 0 0  I ,  5 
% 2 
2 2 
k k 
0 0 m v1 
a, a, 
k k 
PI pc 
r: c 
. . .  
2 2 2  
. . .  
c u c u c u  d 
m 
- - P  
c O m  c u d  - x  a, r: 
0 - P  
4 0  
--$El R 
c u c u c u c u c u c u c u  
r l r l N c u K \ M O O c O c 0  
c u c u a c u c u  o o r l r - l  
0 0 0 0 0 0 0 0 M M  
c u c u c n c n d 2 r l d E ' t -  . . . . . . .  4 4 4  r l r l r l c u c u o o  
9 5 %  
0 0 0  
E ' o o l n l n o o  
c n r l a l n c 0 C 3  
0 0 0 0 0 0 0  
8 c u r i * a 3 c u  
d d d d d d d  Fr 0 d d d  
e . .  
0 0 0  d d d d d d d  
rl rl 
. .  
4 4  u u  
. . .  
